We propose a distorted optical waveguide around a microsphere to mimic curved spacetimes caused by the "gravitational fields". Gravitational lensing effects analogues are experimentally demonstrated and this can be used to prospective light harvesting.
Introduction
One of the most fascinating predictions of the general theory by Einstein is gravitational lensing, the bending of light in close proximity to massive stellar objects, which wrap space and time due to their powerful gravitational pull. Recently, artificial optical materials were proposed to study the various aspects of curved spacetimes such as light trapping and Hawking's radiation [1] [2] [3] [4] [5] [6] . However, the development of experimental "toy" models that simulate gravitational lensing in curved spacetimes remains a challenging problem, especially for a visible light. Here, we propose utilizing a distorted optical waveguide around a microsphere to mimic curved spacetimes caused by the "gravitational fields" with high precision. Both far-field gravitational lensing effects and the critical phenomenon in close proximity to the photon sphere of degenerated stars or "black hole" analogues are experimentally demonstrated. Furthermore, the proposed curved waveguide can be used as an omnidirectional absorber with prospective light harvesting and microcavity applications. The schematic view of the distorted optical waveguide formed around a microsphere and used to emulate the deflection of light by a gravitational field.
Results
Sample fabrication and optical characterization. A curved waveguide is fabricated in the experiment (Fig. 1b) . During the fabrication process, a polymethylmethacrylate (PMMA) resist is mixed with oil-soluble CdSe/ZnS quantum dots and a powder consisting of microspheres 32 μm in diameter is then added to the mixture. The solution is deposited on the silver film through a spin-coating process. In the region near the microsphere, the waveguide thickness gradually increases due to surface tension effects before and during the baking process. This phenomenon is indirectly observed through the interference pattern (Fresnel zones) around the microsphere (Fig. 2a) . In addition, the surface profile of the PMMA layer is directly measured using atomic force microscopy (AFM). The curved waveguide consists of an air/PMMA/silver/SiO 2 multilayer stack (Fig. 1b) and can be considered as step-index planar waveguides. The dispersion relationship of the waveguide transverse magnetic (TM) modes is used to extract the effective refractive index around the microsphere which is depicted in Fig. 2c . To study the ray propagation in close proximity to the microsphere, a 405 nm light from a CW laser is coupled into the waveguide through a grating (Fig. 1b) . It excites the quantum dots that then reemit at 605 nm. The obtained fluorescence image is then used to analyze the ray trajectory. One particular example is given in Fig. 2d . The incident light is deflected as it passes in the vicinity of the microsphere. Distorted waveguide around a microsphere and curved spacetimes. The complete range of optical phenomena associated with the proposed distorted waveguide is mapped by a set of measurements in which the excitation point is gradually moved along the grating and toward the microsphere. The change in the fluorescence pattern, which captures the interaction of the incident beam with the inhomogeneous effective refractive index of the waveguide, is presented in Fig. 3a . We observe a gradual increase in the light deflection as the distance to the microsphere decreases. Due to the finite excitation spot size, which corresponds to a Gaussian beam waist size ( 3 m ), the beam funnels out with the outside beam envelope deflected at lower angles. For excitation with an impact parameter, i.e., the perpendicular distance between the beam and the center of the microsphere, that approaches a critical value 39 c b m , the impinging light approaches an unstable photon orbit, i.e. photon sphere, at a radius of r a . The photon sphere splits the entire space into two domains such that if the impact parameter is larger than the critical value the impinging light approaches the micosphere until it reaches a point of closest approach (turning point) and is then deflected back into space while for impact parameters less than the critical value the light is captured. To validate our experimental finding, full-wave finite difference calculations are performed using finite difference COMSOL Multiphysics software. The theoretically obtained scattering profiles (Fig. 3b) are nearly identical to the experimental data. The two main experimental finding are again observed: (i) the deflection angle increases with decreasing impact parameter, and (ii) the impinging light is captured by the system for impact parameters below the critical value c b b . These results are reminiscent to the gravitational lensing as well as the existence of a photon sphere in stellar objects such as ultracompact neutron stars and black holes 33 . Hence, our system may provide a useful "toy" model to study the electromagnetic scattering and light capture due to such unique celestial objects.
In conclusion, we experimentally demonstrated an optical analogue of the effects of gravity on the motion of light rays, including light deflection, Einstein rings and photon capture. The "gravitational field" effect is achieved using the inhomogeneous effective refractive index of a distorted waveguide spin-coated in the presence of a microsphere. The deflection and capture of light are directly observed based on the fluorescence imaging method. Exact solution of the Einstein field equations is obtained showing that the proposed "toy" model can mimic the effect of gravity generated by spherically symmetric gravitational object in hydrostatic equilibrium with asymptotically polytropic equation of state. Our method may also be applied to control light in integrated optoelectronic elements, light splitters and benders, omnidirectional absorbers and energy harvesting devices.
